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Abstract
Astaxanthin is a key carotenoid pigment produced primarily in nature by the
unicellular microalga Haematococcus pluvialis. This potent antioxidant is produced in
response to environmental stressors, such as high light, upon which reactive oxygen
species (ROS) are produced. While the presence of ROS has been established in this
cascade via carotenogenic genes, its effect has not been defined. The overall goal of this
study was to quantify the effect of ROS on the astaxanthin biosynthesis pathway within H.
pluvialis. Cellular ROS concentrations and astaxanthin output were quantified in
response to environmental variables, redox-sensitive compounds, and ROS-scavengers.
All environmental and redox-sensitive conditions tested led to encystment and an increase
in astaxanthin output. Initial astaxanthin production rates over days 0-5 were highest in
the redox-sensitive variable group, with a subsequent rate peak at days 5-10 for
environmental test groups. Cellular ROS concentrations similarly peaked over days 0-5
and 5-10 for redox-sensitive and environmental test groups, respectively. All groups later
showed significant decreases in ROS concentration by days 10-15. Furthermore,
application of a ROS-scavenger decreased cellular ROS concentrations and induced
germination. These results suggest a strong correlation between astaxanthin output and
cellular ROS concentrations.

By quantifying a relationship between cellular ROS

concentration and H. pluvialis astaxanthin production and germination behavior, this
work aims to highlight the important role of ROS in the astaxanthin biosynthesis pathway.
Further application of this knowledge could be used to design a more cost and resource
efficient method of natural astaxanthin production in industrial settings.
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Introduction
Natural Production of Astaxanthin
Astaxanthin

(3,3’-dihydroxy-4,4’-diketo-β-carotene),

a

red

secondary

ketocarotenoid pigment, is a powerful antioxidant used extensively in the aquaculture,
livestock, and biomedical industries. The freshwater green microalga Haematococcus
pluvialis has shown the ability to produce the highest cellular concentrations of
astaxanthin known, with concentrations at 40,000 ppm (mg/kg) and up to 2-8%
accumulation by algal dry weight (Praveenkumar et al., 2015). Pigment accumulation
occurs in the cytoplasmic lipid droplets produced during encystment in response to
environmental stress (Wayama et al., 2013). External factors that promote astaxanthin
formation include excess light and nutrient deficiency (Tripathi et al., 1999).
Several species have shown primary astaxanthin production, including multiple
algae (Haematococcus pluvialis (Chlorophyta), Chlorella zofingiensis (Chlorophyta),
Neochloris wimmeri (Chlorophyta), Protosiphon botryoides (Chlorophyta), Scotiellopsis
oocystiformis (Chlorophyta), Scendesmus vacuolatus (Chlorophyta), and Catenella
repens (Rhodophyta)), yeast (Xanthophyllomyces dendrorhous (Basidiomycota)),
bacterial (Agrobacterium aurantiacum (Proteobacteria)), plant (Adonis aestivalis
(Anthophyta)), and crustacean taxa (Euphausia pacifica (Arthropoda), Euphausia
superba (Arthropoda), and Pandalus borealis (Arthropoda)) (Ambati et al., 2014;
Cunningham & Gantt, 2011; Orosa et al., 2001). Astaxanthin production ability has
independently evolved multiple times (Cui et al., 2013).
The lifecycle of H. pluvialis consists of four distinctive morphologies: (1) green
flagellated macrozooid, (2) green palmelloid, (3) green and red immature aplanospore,
and (4) red mature aplanospore (Fig. 1). During favorable environmental conditions H.

1

pluvialis cells remain flagellated, but quickly shift to a resting vegetative palmella state
under unfavorable conditions. After continued stress cells will shift from a vegetative to a
cyst morphology to survive in harsh conditions. All life stages of H. pluvialis are primarily
asexual, with rare sexual reproduction during macrozooid stages (Shah et al., 2016).
Germination occurs from the cyst form, where after reduction of stress or transfer to fresh
medium cysts undergo cytokinesis within the mother cell to produce up to 32 macrozooid
daughter cells (Wayama et al., 2013). Over 2-5 days the mother cell increases in cell
volume until the trilaminar sheath and secondary cell wall burst in response to increased
internal cell pressure, resulting in the release of the macrozooid daughters.

Figure 1. Illustration of H. pluvialis encystment process. Graphic displays the four
morphologies of H. pluvialis cells, with light microscopic images of each corresponding
stage (400x).

During the encystment process flagella are lost, cell size increases from an average
diameter of 15 µm to 50 µm, cells develop a trilaminar sheath, secondary, and tertiary cell
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wall, increase cellular lipid content (glycolipid, phospholipid, and neutral lipid), and begin
production of astaxanthin (Sammy Boussiba & Vonshak, 1991; Shah et al., 2016).
Aplanospores are characterized by increased astaxanthin concentration, reduced
chloroplast volume, and decreased photosynthetic activity. While in the macrozooid stage
total cellular lipid content averages to 20%, with increases of up to 45% of total cellular
weight by as a mature aplanospore (Shah et al., 2016). The predominant carotenoid of
green macrozooid cells is lutein (75 - 85% of total cellular carotenoid content), while
mature aplanospores contain astaxanthin as the main cellular carotenoid (85 – 99% total
carotenoid) (Gwak et al., 2014). Cellular astaxanthin is composed of both the free,
monoester, and diester forms with up to 70% of total mature aplanospore cellular
astaxanthin found in the monoester form (Solovchenko, 2015). While encystment is not
exclusively required for astaxanthin production, accumulation of high concentrations
while in a vegetative state is rare (Choi et al., 2015).
The function of astaxanthin is not clearly understood, but is believed to play several
key roles in preventing oxidative damage and in maintaining structural integrity of the
photosystems (Foyer & Shigeoka, 2011; Lepetit et al., 2013). Astaxanthin initially
accumulates in the perinuclear cytoplasm but later distributes throughout the entirety of
the cell, resulting in shielding of photoreceptors from irradiance-induced damage during
high light (Bing Wang et al., 2003). Astaxanthin has also shown significant antioxidant
effects intracellularly with stabilization of free radicals, prevention of peroxidation, and
general neutralization of reactive oxygen species (ROS) (Fraser et al., 1997; M Kobayashi
et al., 1997; Lee et al., 2011).
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Biosynthesis of Astaxanthin in H. pluvialis
Carotenoid synthesis in H. pluvialis has been clearly defined at this time, with
several synthesis pathways identified. The majority of astaxanthin produced, however,
occurs through a single, primary pathway involving six main enzymatic steps (Fig. 2)
(Steinbrenner, 2006). Astaxanthin is a tetraterpene initially synthesized from isopentenyl
pyrophosphate (IPP) in the non-mevalonate pathway within the chloroplasts (B. He et al.,
2018). IPP then undergoes isomerization to dimethylallyl diphosphate (DMAPP), from
which one molecule of DMAPP and three molecules of IPP are linearly bound to produce
geranylgeranyl diphosphate (GGPP). The first committed step in the carotenoid synthesis
pathway then results in condensation of two GGPP molecules to produce phytoene via
catalyzation by phytoene synthase. Up-regulation of the phytoene synthase gene occurs
primarily during initial palmella formation (Y. Li et al., 2012; Vidhyavathi et al., 2007).
Five desaturation steps are then catalyzed by ζ-carotene desaturase and phytoene
desaturase to produce β-carotene, a common precursor for many carotenoids. Four
oxidation steps are then catalyzed by β-carotene ketolase and β-carotene hydroxylase,
from which astaxanthin is produced as a final product. These final oxidation reactions are
the rate-limiting step for astaxanthin biosynthesis (Steinbrenner, 2006).
While the primary carotenoid pathway and associated genes have been well
established, there is a lack of clarity on the mechanism initiating and maintaining
astaxanthin synthesis. Previous research has established a potential link between
increased ROS accumulation within the cell and increased astaxanthin production.
Several extracellular stressors previously mentioned that initiate astaxanthin production
(e.g. excess light stress) also lead to increases in concentrations of ROS inside the cell (S.
Boussiba, 2000; Foyer & Shigeoka, 2011; Knöbel et al., 2006). ROS, specifically
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superoxide (O2-), hydroxyl radical (OH-), and hydrogen peroxide (H2O2), are produced in
the cell at a constant low rate due to byproducts of cellular metabolism like photosynthesis.

Figure 2. Primary astaxanthin synthesis pathway in H. pluvialis (Han et al., 2013).
5

Effects of Oxidative Stress on Cellular Mechanisms
Chloroplasts are a rich source of ROS within the cell due to highly energetic
reactions and increased oxygen content (Alscher et al., 1997). Under normal conditions
superoxide is produced in low concentrations and is quickly combatted via antioxidant
mechanisms within the cell to prevent oxidative damage. Under stress conditions,
however, ROS can accumulate at faster rates leading to severe cell degradation and death.
Excessive irradiance appears to be a key stressor for the production of ROS within the cell
as energetic input exceeds output. Over-reduction of photosystem I after excessive
absorption of solar energy can leads to the formation of superoxide anion via the Mehler
reaction (Allen, 2020). High irradiance has also shown to trigger the formation of triplet
chlorophyll in several algal species, leading to the formation of superoxide unless rapid
carotenoid quenching occurs (Alscher et al., 1997). Furthermore, recent work has
identified that in several algal species CO2 fixation activity is limited by several
environmental stress conditions such as extreme temperature, salinity, or nutrient shifts
without changes in light intensity (Allen, 2020).
These cellular shifts all result in an excess of reducing power in the chloroplasts,
culminating in increased production of ROS. Therefore, production of antioxidants by the
cell not only acts as a physical blockage from excess light, but also is indicative of
astaxanthin’s role as a strong antioxidant to combat ROS-induced oxidative stress. Unlike
other members of the carotenoid pigment class (e.g. β-carotene, ζ-carotene,
canthaxanthin), astaxanthin strongly inhibits peroxide formation and quenches singlet
oxygen without degradation into a pro-oxidant state (Martin et al., 1999). This makes
astaxanthin a more powerful and efficient end product for the cell to produce in
comparison to other carotenoids such as β-carotene.
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Specific characteristics of H. pluvialis further suggest a potential role for ROS in
initiating and maintaining astaxanthin synthesis. Several cellular components act as ROS
and redox sensors within the cell and induce transcription of astaxanthin biosynthesis
genes (Ivanov et al., 2012). Within the chloroplast, increased reduction of the
plastoquinone pool within photosystem II appears to act as one such sensor. When
increased reduction of plastoquinone to plastoquinol occurs, there is a subsequent
increase in transcription of four of the six central enzymatic genes in synthesis pathway:
phytoene synthase, phytoene desaturase, lycopene cyclase, and β-carotene hydroxylase
(Foyer & Shigeoka, 2011; Pospíšil, 2016; Tan et al., 1995). In addition, there is also likely
transcription activation of the β-carotene ketolase gene as well, though links are currently
theoretical. ROS may additionally activate key enzymes that indirectly stimulate
astaxanthin production, such as glutathione transferase and glutathione reductase
(Alscher et al., 1997).
Redox-regulated transcription factors located in the cis-regulatory regions of these
major genes, as well as critical steps in the signal transduction cascade, are sensitive to
oxidants and antioxidants (Gali-Muhtasib et al., 2004; J. S. Park et al., 2010). Many basic
events of cell regulation in H. pluvialis, such as protein phosphorylation and binding of
transcription factors, are driven by physiological oxidant-antioxidant homeostasis (Hagen
et al., 1993; Baobei Wang et al., 2014). Current research strongly suggests that ROS
concentrations may have both a post-transcriptional and post-translational role in
controlling carotenogenic genes, and may induce structural modifications of several
carotenogenic enzymes (Solovchenko, 2015; Steinbrenner, 2006).
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Study Applications
Astaxanthin is often referred to as the ‘King of the Carotenoids’ due to being one
of the strongest antioxidants found in nature, in addition to potent medical benefits
(Capelli, 2007). Specifically, astaxanthin has shown to: (1) significantly protect from
photooxidation, (2) reduce tumor proliferation and cell migration rates, (3) reduce
inflammation, (4) improve liver glucose metabolism and insulin signaling, and (5)
enhance cardiac and immune response (Asheeba, 2015; Bhuvaneswari & Anuradha, 2012;
Fassett & Coombes, 2011; Guerin et al., 2003; Lin et al., 2015; McCall et al., 2018; J. S.
Park et al., 2010; X. Wang et al., 2000). Additionally this pigment is able to cross the
blood-brain barrier and may lessen the severity of symptoms of several neurological
disorders, such as Parkinson’s and Alzheimer’s disease (X. S. Zhang et al., 2014).
Additionally, astaxanthin has shown to reduce intraocular pressure and inhibit ischemia
and light-induced retinal damage and cell death (Cort et al., 2010; Otsuka et al., 2013;
Yamagishi & Aihara, 2014).
Astaxanthin is also crucial to aquatic ecosystems and is essential to the survival
and development of certain fish and crustacea. Multiple species sequester astaxanthin
directly from dietary sources, such as primary producers or via secondary consumption of
zooplankton, resulting in the characteristic red or pink coloration of the muscles or
exoskeleton (Abalde et al., 2012; Lorenz & Cysewski, 2000). Salmon fry fed diets
containing astaxanthin had increased survival rates and body weights compared to those
fed astaxanthin-lacking diets (Christiansen et al., 1995). Astaxanthin has also shown to be
vital for the reproduction and larval success of crustaceans, such as shrimp and lobster.
Crustacea fed astaxanthin-rich diets had increased gonad index scores, greater ovarian
development, higher sperm quality, and increased larval survival rates (PangantihonKühlmann et al., 1998; Perez-Velasquez et al., 2003; Petit et al., 1997). Comparable effects
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of astaxanthin consumption on fertility have been identified in humans, including
increased sperm velocity, higher semen quality, and decreased male infertility (Comhaire
et al., 2005; Elgarem et al., 2002).
Due to the immense medical and aquacultural applications of this pigment,
naturally derived astaxanthin constitutes one of the most sought after and expensive
microalgal products globally, with current market price values of natural astaxanthin
estimated at 7,000 USD per kg and 280-475 metric tons of astaxanthin produced in 2020
(Ahuja & Rawat, 2018; Allied Analytics LLP, 2020). Current estimates place the global
annual market size for astaxanthin at 1.0 billion USD with expansion to 3.5 billion USD
within the next decade (Panis & Carreon, 2016). Described as one of the most important
carotenoids ever produced industrially, the commercial demand for natural astaxanthin is
expected to cause a 47% increase in global market size by 2026 (Ahuja & Rawat, 2018;
Solovchenko, 2015). As interest in the application of astaxanthin in medical treatments,
salmon and animal feedstock, nutritional supplements, and the diets of astronauts on
future moon and Mars NASA missions continues, recent research has focused on the
function and efficiency of astaxanthin production in H. pluvialis (Capelli, 2007;
Christiansen et al., 1995; May & Dunbar, 2020). Within this rapidly expanding industry
consumers express a desire for naturally produced, high quality astaxanthin, yet
microalgal-derived astaxanthin makes up less than 1% of total market product (Panis &
Carreon, 2016). The majority of astaxanthin sold is a synthetic alternative that is cheaper
to produce yet lacks the strong medical benefits of the natural pigment.
Natural astaxanthin contains mainly the all-trans isomer, consisting of either the
(3S, 3’S) or (3R, 3’R) form, whereas synthetically derived astaxanthin occurs in the (3R,
3’S) form (J. S. Park et al., 2010). The synthetic isomer is less thermodynamically stable,
less bioactive, and has a lower antioxidant capacity than natural astaxanthin isomers
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(Ambati et al., 2014). In addition, the safety profiles of several synthetic astaxanthin
intermediates are ambiguous and has not been approved for human consumption by the
FDA (Bampidis et al., 2019; Shah et al., 2016; Shahidi & Zhong, 2015). Consumption of
synthetic astaxanthin, such as Carophyll® Pink 10% CWS, has been implicated in the
development of hepatocellular hypertrophy and adenomas in female rats and increased
centrilobular hepatocellular vacuolation in both rat sexes (Bampidis et al., 2019). The
reduced potency and stability of synthetic astaxanthin, combined with the risk of live
toxicity, has created a high global demand for naturally derived astaxanthin within the
pharmaceutical, nutraceutical, and animal feed production industries.
Even with the knowledge of enzymatic steps and associated genes that have a role
in this pathway, the factors controlling those aspects is unclear, especially pertaining to
the function of ROS in this cascade. The quantification of astaxanthin production in direct
response to cellular ROS concentrations have not been explicitly documented in H.
pluvialis at this time in response to environmental stressors, with only theoretical links
described. Although the presence of ROS has been clearly established in this cascade, the
exact function and role of this presence has not been clearly defined. Enhanced
understanding of this mechanism of natural astaxanthin production could potentially
have implications not only on the foundational understanding of astaxanthin synthesis,
but also industrially with greater production efficacy. Therefore, understanding the
regulatory mechanism of astaxanthin synthesis in H. pluvialis is critical to potentially
maximizing natural astaxanthin production, decreasing production cost, and increasing
overall efficiency of commercial synthesis.
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Study Objectives and Hypotheses
The overall objective of this study was to quantify the effect of cellular ROS
concentrations on the astaxanthin biosynthesis pathway within H. pluvialis. Specific
objectives were to (1) quantify astaxanthin production in response to increasing cellular
ROS concentrations, (2) determine cellular concentrations of ROS associated with
external stress conditions, (3) establish germination rates of aplanospore cells in response
to decreasing cellular ROS concentrations (Fig. 3), and (4) observe morphological shifts
(encystment, loss of motility, etc.) in response to experimental variables applied.
It was hypothesized that (1) cellular ROS concentrations will increase
proportionately to astaxanthin production in response to all external stressors applied, (2)
increasing cellular ROS concentrations exclusively will result in encystment and increased
astaxanthin production, and (3) decreasing cellular ROS concentrations will terminate
astaxanthin production and induce germination.

Figure 3. Visual representation of predicted outcomes of Objectives 1 and 3.
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Materials and Methods
Algal strain
Haematococcus pluvialis Flotow (Chlorophyceae) was obtained from a liquid
basal culture from the Algalif, LLC industrial facility in Reykjanesbaer, Iceland. Initial
culture received from facilities consisted of green palmella axenic stock with an estimated
volume of 1 L.

Growth conditions
The basal culture was cultivated in sterile Bold’s Basal Medium (BBM), prepared
in the Aquatics Research Laboratory of the Lewiston Auburn College campus of the
University of Southern Maine (Appendix A). Of the initial stock culture received 500 mL
was transferred to a sterile 1 L aeration flask and inoculated with 500 mL of BBM. The
basal vegetative culture was incubated at standard conditions of 20 °C under a 12-hour
light/ 12-hour dark illumination cycle at 3.5 kLux intensity and moderate aeration in a
Fitotron High Specification Growth Chamber. Basal growth conditions were selected
based on literature review and industrial standards (Kim et al., 2020; T. Stefánsson,
personal communication, March 11th, 2020; Vidhyavathi et al., 2007). This basal culture
was maintained at a working volume of 1 L in a vegetative state for nine months before
initiation of experimental design. Basal culture cellular concentration was manually
counted using a hemocytometer every four weeks over a five-month period before
experiment initiation, with an average concentration of 3.0 x 105 cells per mL.
Over five months 11 total experimental cultures were produced, with all conditions
run in quintuplicate. From the basal culture a 50 mL sample was removed and transferred
to a 50 mL conical tube and centrifuged at 1,000 rpm for three minutes to concentrate the
12

cell culture. The supernatant was discarded, and the pellet was inoculated with 100 mL of
fresh basal medium in a 250 mL aeration flask. After four days of incubation at standard
conditions each culture was analyzed using brightfield microscopy to validate that cells
were in a vegetative, motile state before application of the experimental variable. All
experimental cultures were maintained at standard conditions during testing unless
otherwise noted in the experimental design and incubated for 15 days. Brightfield
microscopy was performed every 48 hours to observe cell morphology to address Objective
4, with cell images captured via Olympus brightfield microscope and camera cellSens
software.

Environmental stress conditions
To address Objective 1, a series of environmental stress conditions were designed
(Table 1). All cultures were kept at standard conditions with the exception of one of the
following variables: (1) increased temperature to 30 °C, (2) 24-h light/ 0-h dark
illumination cycle at an increased irradiance intensity to 13 kLux, (3) 1-h light/ 23-h dark
illumination cycle at a decreased irradiance intensity to 0.5 kLux, or (4) removal of
nitrogen from the basal media. Illumination cycle and irradiance intensity of conditions
(2) and (3) were chosen to provide maximum or minimum amount of light tolerated
without death, with specific kLux values identified from preliminary testing and literature
review (E. K. Park & Lee, 2001). Removal of nitrogen source and increase in temperature
were selected due to industrial standards of inducing astaxanthin production (T.
Stefánsson, personal communication, March 11th, 2020). A control culture was incubated
at standard conditions and produced in tandem. All tested culture lines were incubated at
standard conditions with the basal culture in exception to their specific variable. A custom
basal media was produced without the addition of stock solution A for the nitrogen
13

starvation cultures. A light meter was used to confirm accurate light intensity in total kLux
for the increased and decreased light variables.

Table 1. Overview of Experimental Design for Environmental Stress Treatments

Reactive oxygen generators
To address Objective 2, several ROS-generating compounds were selected for
application to isolate the impact of ROS on vegetative cells without an additional external
environmental stress condition applied (Table 2). All cultures were kept at standard
conditions with the stock culture in exception to one of the following variables: (1) addition
of 900 mg of ferrous sulfate, (2) addition of 20 µL of xanthine oxidase, or (3) addition of
250 µL of 30% w/w hydrogen peroxide. Ferrous sulfate treatment was selected based on
successful induction of astaxanthin synthesis in H. pluvialis by Kobayashi et al. (1993).
Application of xanthine oxidase and hydrogen peroxide were selected as variables due to
successful induction of ROS production in other species (Aniya & Anders, 1992; Battelli et
al., 1972; Bolann & Ulvik, 1987; Ip & Chen, 2005). Hydrogen peroxide was diluted to a
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final concentration of 0.1 mM. As stated previously, an additional control culture
incubated at standard conditions was also produced in tandem.

Table 2. Overview of Experimental Design for Reactive Oxygen Generating Treatments

Reactive oxygen scavengers
To address Objective 3, an encysted basal culture was produced by incubation of
vegetative culture at 30°C under a 24-hour light/ 0-hour dark illumination cycle at 13 kLux
intensity with moderate aeration and the addition of 18 mg of ferrous sulfate and 8.2 g of
sodium acetate in a Fitotron High Specification Growth Chamber. This basal encysted
culture was maintained at a cell density of 1.0 x 105 cells per mL. After 14 days incubation
the basal culture was fully encysted, as visualized by brightfield microscopy. Concentration
of encysted basal cell culture was performed identically to the vegetative basal culture. All
cultures were kept at identical conditions to the basal encysted culture in exception to one
of the following variables: (1) addition of 0.82 mg of thymoquinone (scavenger for
superoxide radical), or (2) addition of 0f 450 mg of d-mannitol (scavenger for hydroxyl
radical) (Table 3). An additional encysted control culture was incubated concurrently.
Thymoquinone and mannitol variables were selected based on successful reduction of
15

ROS cellular concentrations in other species and specificity of scavenging for theoretically
produced ROS within H. pluvialis (Badary et al., 2003; Goldstein & Czapski, 1984;
Mansour, 2000; Shen et al., 1997; Shoieb et al., 2003).

Table 3. Overview of Experimental Design for Reactive Oxygen Scavenging Treatments

Carotenoid extraction and quantification
Every 48 hours each culture was hand swirled to mix then 1 mL sample was
transferred to a 1.5mL Eppendorf tube. This volume was then centrifuged at 6,000 rpm
for 1 minute to produce a pellet. The supernatant was then discarded, and the pellet was
weighed. Average pellet weight was 31 mg (+/- 5.9) and later adjusted to 75% moisture
content to produce an average dry weight of 7.8 mg (+/- 1.5). If a larger pellet mass was
required the process was repeated until desired mass was attained. The pellet was then
manually ground in a 20 mL glass tissue homogenizer for 10-20 minutes until moderate
olfactory stimulation and confirmation of 90+% cell cracking by brightfield microscopy.
To the pellet 1 mL DMSO and a variable volume of spectrophotometric grade acetone was
added and ground for an additional 1 minute. Acetone volume varied based on the visual
concentration of astaxanthin via orange and green tones of the ground pellet, with green
tones requiring lower acetone volumes and orange tones requiring higher volumes for
16

proper spectrophotometric analysis. From the resulting cell solution 5 mL was transferred
to a 15 mL falcon conical tube and centrifuged at 6,000 rpm for 5 minutes.
The supernatant was then analyzed via spectrophotometry at ABS values of 478
nm and 530 nm, which correlate to total carotenoid and astaxanthin concentrations,
respectively. From these absorbance values total carotenoid and astaxanthin
concentrations in mg/g were calculated via the following formulas:
Total carotenoid concentration = ABS478nm / 187 * DF (250)
Total astaxanthin concentration = ABS530nm / 65.5 * DF (250)
Total carotenoid and astaxanthin concentrations were then adjusted to mg/L and
pg/cell, with further calculation of astaxanthin cellular dry weight percentage.

Reactive oxygen cellular quantification
In preparation 1 L of 1x phosphate-buffered saline (PBS) and 500 mL of sterilefiltered DMSO were produced. Every 48 hours each culture was hand swirled to mix, with
a 1 mL sample transferred to a 1.5 mL Eppendorf tube and centrifuged at 6,000 rpm for 1
minute to produce a pellet. The supernatant was then discarded.
To quantify ROS concentration in response to the treatment applies, each cell
culture was bathed in a redox-sensitive 2’,7’-dichlorofluorescin diacetate (DCFDA) dye.
DCFDA was selected due to cell-permeability and due to its use as a general cellular ROS
indicator. This initially nonfluorescent dye is deacylated intracellularly by esterases, and
later oxidation by ROS into the highly fluorescent 2’,7’-dichlorofluorescein (DCF) form.
DCF is then detectable and quantifiable by fluorescence spectroscopy and microscopy. In
a dark room, 25 mL of a 1 mM stock solution of 2’,7’-dichlorodihydrofluorescein diacetate
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(H2DCFDA) in sterile DMSO was produced. This stock solution was further diluted to a
final concentration of 10 µM H2DCFDA in PBS. To each cell pellet 1 mL of the diluted
H2DCFDA solution was added, vortexed to mix, and incubated at 37 °C for 60 minutes in
full darkness.
After incubation, the cells were washed three times with PBS, and the 0.1 mL of
the resulting cell solution transferred to a single well of a 96-well plate. Fluorescence was
then quantified using a BioTek Synergy HIT microplate reader with expected excitation at
490 nm and emission at 530 nm. A control of sterile 10 µM H2DCFDA solution and
unstained cells were produced and analyzed in tandem. The cell solution post incubation
was also analyzed via fluorescent microscopy with a Leica DMLB fluorescence microscope.
Visual confirmation of fluorescence via the F1L channel was analyzed and cell images were
taken using SPOT Advanced software.

Statistical analyses
R studio was used to perform all statistical analysis. A linear regression model was
applied comparing astaxanthin and ROS production per day over all tested variables. For
all environmental stress variables and ROS generators the astaxanthin and ROS
production rates were quantified over days 0-5, 5-10, 10-15, and 0-15. This fracture
allowed for greater model fit and quantification of individual production rates over time.
Analysis of astaxanthin and ROS production rates for reactive oxygen scavenger variables
was completed only over days 0-15, as fracturing the timescale indicated no significant
trends. Linear models produced were later analyzed via post hoc Dunnett’s tests and
model inference functions to compare rates and visualize trends.
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Results
Environmental Stressors
Astaxanthin cellular concentration increased for all environmental variables tested
(Fig. 5). Total astaxanthin produced after 15 days varied by treatment, with the highest
accumulation of pigment occurring under high light on day 15 (mean astaxanthin
concentration of 16.91 ± 0.93 mg/L). Nitrogen starvation, high heat, and low light
treatments produced 13.67 ± 0.75, 8.67 ± 0.61, and 8.06 ± 0.38 mg/L astaxanthin,
respectively. Significant increases in astaxanthin concentration in comparison to the
control occurred by day 4 for all treatments. The largest increase in astaxanthin
concentration occurred between days 4 and 7 for all treatments. Cell morphologies
additionally varied by treatment in correlation with astaxanthin concentration. Mature
aplanospores formed by day 15 for high light and nitrogen starvation treatments (Fig. 4),
while high heat formed mainly immature aplanospores and low light produced a mix of
palmella and immature aplanospores in addition to many bleached, nonviable cells. The
green control treatment maintained a mean astaxanthin concentration of 0.83 ± 0.27
mg/L over the 14-day test period, with a majority exhibiting flagellated, vegetative
morphologies.
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Figure 4. H. pluvialis cysts 15 days after application of high light treatment to vegetative
cells. Red aplanospore cysts visible, ranging from 25 to 50 µm in size. Scale bar 50 µm.

Linear modeling of astaxanthin production rates by day indicates a non-linear
relationship between the cellular concentration of astaxanthin and duration of treatment
(Table 4). Overall astaxanthin production rates per day over 15 days reflects total
astaxanthin cellular concentrations, with highest rates produced by the high light
treatment. High light, nitrogen starvation, high heat, and low light treatments had total
astaxanthin production rates of 1.25, 1.00, 0.61, and 0.54 mg/L/day, respectively over 15
days of treatment (Fig. 6a). All modeled rates were statistically significant from the control
for each treatment (p < 0.05) (Table 4). Astaxanthin production rate peaked for all
environmental variables over days 5-10 with the lowest rates over days 0-5, in exception
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to the high heat treatment which had the lowest rate 0ver days 10-15 (Fig. 6b). The highest
astaxanthin production rates for the tested treatments were 1.86 mg/L/day for high light,
1.24 mg/L/day for nitrogen starvation, 0.82 mg/L/day for high heat, and 0.65 mg/L/day
for the low light treatment. Rate of astaxanthin production increased for all treatments
from days 0-5 to days 5-10, with a maximum 3-fold production rate increase by high light
treatment. The green control treatment sustained an average astaxanthin production rate
of 0.021 mg/L per day over the 15-day period.

Figure 5. Astaxanthin concentration over time in response to environmental and ROSspecific treatments. Linear plot of mean data set by treatment over 15 days (± 95% CI); n
= 5. Environmental stress variables are grouped in grayscale with a solid line, ROSgenerators in blue and a dashed line, and the green control in solid green.
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Table 4. Linear regression model analysis of astaxanthin increased production rate by
treatment. Significance codes: * p < 0.05, ** p < 0.01, *** p < 0.001
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A

B

Figure 6. Response plot of modeled astaxanthin increased production rate by treatment
over time, (A) days 0-15 and (B) days 0-5. Black points indicate individual rate values,
while blue indicate mean with 95% CI

Cellular ROS concentrations similarly increased for all environmental variables
tested. Total ROS produced after 15 days varied by treatment with the highest overall
cellular ROS concentration occurring under high light on day 11 (mean ROS concentration
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of 58 ± 2 relative fluorescence intensity units (RFI)). Nitrogen starvation, high heat, and
low light treatments followed, producing peak ROS concentrations of 52 ± 3 RFI on Day
11, 38 ± 7 RFI on Day 14, and 36 ± 4 RFI on Day 11, respectively (Fig. 7). For all
environmental treatments excluding high heat, mean ROS values decreased on Day 14.
The largest increase in cellular ROS concentration occurred between days 2 and 4 for all
treatments in exception to high heat, which had the largest concentration increase
between days 4 and 7. ROS concentration for the green control remained stagnant at a
mean of 5 ± 2 RFI throughout the 15-day period. Fluorescent DCF, indicating significant
cellular ROS concentration increase, was visible at all cell stages in exception to initial
vegetative cultures (Fig. 8).

Figure 7. Cellular ROS concentration over time in response to environmental and ROSspecific treatments. Linear plot of mean data set by treatment over 15 days (± 95% CI); n
= 5. Environmental stress variables are grouped in grayscale with a solid line, ROSgenerators in blue and a dashed line, and the green control in solid green.
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Figure 8. ROS accumulation within the cytosol during encystment and carotenogenesis
in H. pluvialis. Fluorescent microscopy after application of DCFDA stain to high light
treated cells; (a) Day 0 flagellated vegetative cells, (b) Day 2 non-flagellated vegetative
cells, (c) Day 7 palmella, and (d) Day 14 aplanospores. Scale bar 100 µm.

Linear modeling of cellular ROS production rate by day similarly shows a nonlinear relationship between ROS production rate and treatment duration (Table 5).
Overall ROS production rate per day over 15 days varied by treatment, with the highest
rate produced by the high light treatment (Fig. 9a-b). High light, nitrogen starvation, low
light, and high heat treatments produced total ROS rates of 4.42, 3.66, 2.51, and 2.47 over
15 days, respectively. The highest ROS production rates were indicated by the high light
treatment over days 5 – 10, with a mean rate of 6.10 RFI/day. High heat and low light
treatments had a peak ROS production rate over days 5 – 10, with a value of 3.80 and 3.50
RFI/day, respectively, while the nitrogen starvation treatment had a peak rate of 5.80 over
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days 0 – 5. All modeled rates for days 0 – 15, 0 – 5, and 5 – 10 were statistically significant
from the control (p < 0.05), with addition statistical significance from the day 10-15 high
heat and nitrogen starvation rates (Table 5). The lowest ROS production rate occurred
over days 10 – 15 for all variables tested. The green control treatment had an overall ROS
production rate of -0.09 RFI/day over 15 days, with no statistical significance in rate
variation.

Table 5. Linear regression model analysis of ROS increased production rate by treatment.
Significance codes: * p < 0.05, ** p < 0.01, *** p < 0.001
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B

Figure 9. Response plot of modeled ROS increased production rate by treatment over
time, (A) days 0-15 and (B) days 0-5. Black points indicate individual rate values, while
blue indicate mean with 95% CI.
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ROS generators
Total cellular astaxanthin concentration increased for all ROS-generating
variables tested over 15 days (Fig. 5). Hydrogen peroxide produced the highest total
astaxanthin pigment concentration after 15 days of treatment at a value of 12.27 ± 1.07
mg/L, followed by ferrous sulfate (11.40 ± 0.81 mg/L) and xanthine oxidase (10.53 ± 0.77
mg/L). By day 2, all treatments had significant increases in concentration of astaxanthin
in comparison to the control. For ferrous sulfate and xanthine oxidase treatments the
largest increase in astaxanthin concentration occurred between days 2 and 4, while the
largest increase for the hydrogen peroxide treatment occurred over days 0 – 2. Cell
morphologies reached immature aplanospore forms by day 15 for all treatments, with a
minority percentage of mature aplanospores visible.
Linear modeling of astaxanthin production rates indicates a strong initial
astaxanthin production rate over days 0 - 5, followed by a decreased rate over days 5 – 15
(Table 4). Overall modeled astaxanthin production rates per day for 15 days for ferrous
sulfate, xanthine oxidase, and hydrogen peroxide were 0.82, 0.72, and 0.71 mg/L/day,
respectively (Fig. 6a). Initial astaxanthin rates over days 0 – 5 were highest for all
treatment groups, with the peak rate of 2.15 mg/L/day by the hydrogen peroxide
treatment, followed by xanthine oxidase (1.52 mg/L/day) and ferrous sulfate (1.39
mg/L/day) (Fig. 6b). All treatments showed significantly higher astaxanthin production
rates from the control over days 0 – 10, with no statistical significance over days 10 – 15
(Table 4). Astaxanthin production rate decreased for all treatments from days 0 – 5 to 5 –
10, with a maximum decrease of 5-fold by the hydrogen peroxide treatment.
Cellular ROS concentrations dramatically shifted over time, with an initial increase
and subsequent plateau by day 4 on average (Fig. 7). Cellular ROS concentrations peaked
over days 4 for hydrogen peroxide and ferrous sulfate treatments, reaching concentrations
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of 51 ± 3 and 47 ± 7 RFI, respectively. In contrast, xanthine oxidase had a peak ROS
concentration of 46 ± 4 on day 9. The largest increase in cellular ROS concentration
occurred over days 0 – 2 for all treatments. Total ROS concentration decreased from days
4 to 15 for hydrogen peroxide and ferrous sulfate treatments, and from days 9 to 15 for the
xanthine oxidase treated culture. Fluorescence was visible at all cell stages in exception to
the initial vegetative state.
Modeled ROS production rates per day show a strongly non-linear relationship
between duration of treatment and production rate of ROS (Table 5). Overall ROS
production rate mean over days 0 – 15 for xanthine oxidase, ferrous sulfate, and hydrogen
peroxide were 2.36, 1.61, and 1.17 RFI/day, respectively (Fig. 9a). The highest ROS
production rates occurred over days 0 – 5 for all treatments with a peak rate of 11.25
RFI/day by the hydrogen peroxide treatment, followed by ferrous sulfate (10.25 RFI/day)
and xanthine oxidase (7.85 RFI/day) treatments (Fig. 9b). A significant shift in ROS
production rate can be seen for all treatments from days 0 -5 to 5 – 10, with a maximum
50-fold decrease in ROS production rate by hydrogen peroxide. The lowest production
rates were over days 10 – 15 for all treatments, with ROS concentrations decreasing for
hydrogen peroxide and xanthine oxidase treatments.

ROS scavengers
Application of all ROS-scavenging treatments to mature aplanospore cultures
caused a decrease in astaxanthin concentration and induction of cell germination (Fig. 10).
The red control treatment maintained a red aplanospore morphology for the 15 days of
testing with a mean astaxanthin concentration of 28.86 ± 0.90 mg/L. Total astaxanthin
concentration at day 15 for thymoquinone and mannitol treatments reached 22.45 ± 0.37
and 23.49 ± 0.59 mg/L., respectively (Fig. 11). Astaxanthin cellular concentration
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decreased to significantly lower than the control at day 7 for thymoquinone and day 9 for
mannitol. The largest decrease in astaxanthin concentration occurred over days 4 to 7 for
the thymoquinone treatments, and days 9 to 11 for mannitol. Cells visually maintained
mature aplanospore appearance, in exception to a minority of germinating cysts after days
9 and 11 of thymoquinone and mannitol treatments, respectively (Fig. 10).

Figure 10. H. pluvialis cysts 15 days after application of thymoquinone to mature
aplanospores. Germination visible in multiple cysts in image. Scale bar 50 µm.
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Figure 11. Astaxanthin concentration over time in response to ROS-scavenger
treatments. Linear plot of mean data set by treatment over 15 days (± 95% CI); n = 5. ROSscavenger variables grouped in yellow and the red control in red.

Linear modeling of astaxanthin production over 15 days indicates decrease of
astaxanthin concentration for both treatments (Fig. 12). Thymoquinone and mannitol
averaged -0.51 and -0.40 mg/L/day production of astaxanthin over 15 days of treatment,
respectively, signifying a decrease in total astaxanthin cellular concentration over time
(Table 6). The red control treatment maintained a constant astaxanthin concentration,
with an average decrease in cellular astaxanthin content of -0.009 mg/L/day. Both the
thymoquinone and mannitol treatments were statistically significant in their rates in
comparison to the control.
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Table 6. Linear regression model analysis of astaxanthin decreased cellular
concentration by treatment. Significance codes: * p < 0.05, ** p < 0.01, *** p < 0.001

Figure 12. Response plot of modeled astaxanthin decreased cellular concentration by
treatment over days 0 – 15. Black points indicate individual rate values, while blue indicate
mean with 95% CI.
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Cellular ROS concentrations immediately decreased after treatment application of
both thymoquinone and mannitol (Fig. 13). Over the course of 15 days, the red control
treatment sustained a mean ROS concentration of 128 ± 6 RFI. Thymoquinone and
mannitol both immediately decreased in ROS concentration after application of treatment
on Day 0, with final mean ROS concentrations on day 15 of 84 ± 7 and 103 ±3 RFI,
respectively. The largest cellular ROS concentration decrease occurred over days 0 – 1 for
both treatments, with a linear decrease from days 4 to 15 (Fig. 13).

Figure 13. ROS concentration over time in response to ROS-scavenger treatments.
Linear plot of mean data set by treatment over 15 days (± 95% CI); n = 5. ROS-scavenger
variables grouped in yellow and the red control in red.

Modeled ROS cellular concentrations further indicate significant decrease of ROS
production after application of both treatments (Fig. 14). Thymoquinone and mannitol
mean change in ROS concentrations were -2.34 and -1.51 RFI/day, respectively over 15
days (Table 7). The red control treatment, in contrast, remained at a rate of -0.64 RFI/day.
33

Both the thymoquinone and mannitol treatments were statistically significant in their
rates of decreasing cellular ROS in comparison to the control.

Table 7. Linear regression model analysis of decreasing ROS cellular concentration by
treatment. Significance codes: * p < 0.05, ** p < 0.01, *** p < 0.001

Figure 14. Response plot of modeled ROS decreased cellular concentration by treatment
over days 0 – 15. Black points indicate individual rate values, while blue indicate mean
with 95% CI.
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Discussion
The main objective of this study was to quantify astaxanthin and ROS
concentrations produced by Haematococcus pluvialis in response to application of several
environmental stress conditions, ROS generators, and ROS scavengers. Initially it was
hypothesized that (1) cellular ROS concentrations will increase proportionately to
astaxanthin production in response to all external stressors applied, (2) increasing cellular
ROS concentrations exclusively will result in encystment and increased astaxanthin
production, and (3) decreasing cellular ROS concentrations will terminate astaxanthin
production and induce germination. All hypotheses were supported, as astaxanthin and
ROS cellular concentrations highly significantly increased after application of all
environmental and ROS generating treatments in comparison to the control, and
astaxanthin and ROS concentrations significantly decreased after application of both ROS
scavengers.

Furthermore,

statistical

modeling

indicated

statistically

significant

differences in astaxanthin and ROS production rates over time by treatment. Highest
astaxanthin and ROS production rates occurred over days 0-5 for all ROS generating
treatments, while rates
The results of this research support the role of astaxanthin as an antioxidant
mechanism within the cell as a result of oxidative stress. After accumulation of astaxanthin
cellular ROS concentrations decreased for all treatments. This effect is most visible for
ROS generating treatments over days 4 – 15 but is also seen over days 11 – 15 for all
environmental stress treatments. Additionally, astaxanthin concentrations significantly
increased in comparison to the control as a result of application of both environmental
and ROS-specific stress factors. Previous studies support this result, such as increased
astaxanthin accumulation as a result of environmental stress like wavelength of light and
high salt concentrations (P. He et al., 2007; F. Li et al., 2019). Furthermore, increased
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antioxidant activity against superoxide and decreased cellular stress markers after
astaxanthin accumulation in the cell has been described (Kim et al., 2020; M Kobayashi
et al., 1997; Lee et al., 2011; Su et al., 2014). While the exact in vivo role of astaxanthin is
not clearly defined, all current research strongly supports the protective mechanism of
astaxanthin and other carotenoids against oxidative damage. Therefore, current data
supports defining astaxanthin accumulation as both a photoprotective mechanism and an
antioxidant to prevent oxidative damage.
Initiation of astaxanthin production coincided with significant increases in cellular
ROS concentrations, suggesting that oxidative stress may be involved in carotenoid
synthesis in H. pluvialis. This mechanism has been identified in other carotenoidproducing species, such as the fungus Fusarium aquaeductuum (Ascomycota), where
carotenoid biosynthesis was shown to be equally inducible under increased illumination
conditions and under low light after addition of hydrogen peroxide (Theimer & Rau, 1970).
As a result, proposed interpretations of this data suggest that photooxidative molecules
produced under high-intensity illumination treatments may be complementary to
hydrogen peroxide in carotenoid synthesis stimulation (Makio Kobayashi et al., 1993).
Similarly to other carotenoids, astaxanthin exerts both photoprotective and
antioxidant properties in vivo. During encystment astaxanthin accumulates throughout
the cytoplasm, eventually masking all light-reactive structures. Due to this mechanism,
astaxanthin was initially proposed to have a primarily light-screening function. This
photoprotective mechanism has been supported in literature several times, noting
significant decreases in the absorption of blue light within the chloroplast of red
aplanospores (Hagen et al., 1993). Under high light conditions photoinhibition of PSII and
loss of structural integrity of the photosystems occurs. Accumulation of astaxanthin has
been associated with the prevention of down-regulation of PSII and no significant loss
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photosynthetic activity after 24 hours of high light stress (Bing Wang et al., 2003). This
protective function from excess light is characteristic to the carotenoids, such as the
photoprotection of PSI by β-carotene in Arabidopsis thaliana (Tracheophyta) (Cazzaniga
et al., 2012).
The antioxidant effects of astaxanthin are superior to others of the carotenoid
class. Most carotenoid pigments have antioxidant capabilities, specifically via free radical
scavenging or quenching of singlet oxygen (Beutner et al., 2001). Several carotenoids, such
as zeaxanthin and lutein, are implicated in the quenching of triplet chlorophyll to form a
triplet chlorophyll state (Ballottari et al., 2013). Astaxanthin has shown the ability to
quench ground state free radicals in addition to excited states without formation of prooxidants, which has been identified in only four other carotenoids at this time (zeaxanthin,
canthaxanthin, isonorastaxanthin, and actinioerythrol) (Beutner et al., 2001). In addition,
astaxanthin has shown equivalent or greater antioxidant effects, with lower relative
oxidation rates in vivo (Beutner et al., 2001; Cui et al., 2013).
While the photoprotective and antioxidant effects of astaxanthin were initially
identified over 70 ago, the precise function and molecular mechanisms of these aspects
have been highly debated (Hairston, 1976; Herisset, 1946; Steinbrenner, 2006). Initial
focus of astaxanthin research has been on the photoprotective aspects and mechanisms of
inducing carotenogenesis. For the first several decades of astaxanthin and H. pluvialis
research numerous attempts were made to define the environmental conditions regulating
astaxanthin production, although with contrasting results. Throughout the 1950’s
conflicting data was identified surrounding environmental stress factors. Light intensity
was initially identified as the leading factor in triggering astaxanthin synthesis, although
it was determined to not be explicitly required for the synthesis itself as carotenogenesis
was induced under dark conditions. (Droop, 1955; Goodwin & Jamikorn, 1954). In
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addition, later work identified that although encystment often coincides with astaxanthin
production it also is possible to induce astaxanthin accumulation within a flagellated cell
(M Kobayashi et al., 1997).
The exact role of stress factors on astaxanthin biosynthesis has been ill defined
with much time and effort devoted to debate which factors are required for
carotenogenesis with no definite answer. However, recent work has focused on the
molecular and biochemical mechanisms resulting from these environmental stress factors
– in summation, current efforts have speculated that it is the resulting chemical output
from stress reaction that is required for astaxanthin synthesis, not the stress reaction itself
(M Kobayashi et al., 1997; Steinbrenner, 2006; Steinbrenner & Linden, 2003). In this
study ROS and the resulting oxidative stress was hypothesized as one of the central
required factors in astaxanthin biosynthesis, regardless of the environmental stress
applied.
While the extensive photoprotective and antioxidant effects of astaxanthin within
the algal cell have been noted, the precise antioxidant effects have been studied primarily
in mammalian tissues and other carotenoids. However, it is not currently defined what the
precise in vivo antioxidant effects are of astaxanthin within the algal cell. Current research
has identified decreased superoxide activity and decreased reduction of the plastoquinone
pool in astaxanthin-rich cell extracts, although whole cell studies in mature aplanospores
have been rare (M Kobayashi et al., 1997). It has been highly speculated that astaxanthin
functions as a protective mechanism against oxidative stress in the cell, although direct
quantification of this function in whole cell or cellular ROS concentrations has not been
defined at this time. Therefore, this quantification of cellular ROS, in addition to
application of xanthine oxidase, hydrogen peroxide, thymoquinone, and mannitol
treatments, are novel aspects of this study.
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The production of ROS is prolific and unavoidable in algae and is a consequence of
photosynthesis directly. Chloroplasts are a rich source of ROS in the cell as a result of
highly energetic reactions and increased oxygen concentration. Under typical
environmental conditions ROS is produced as a result of normal function, and production
is increased under induction of stress. The results of this study strongly support that ROS
is continually produced in low concentrations by the cell and ROS production is inducible
intracellularly by external environmental conditions. Within the cell excessive irradiance
leads to over-reduction of the photosystems which results in production of superoxide
through the Mehler reaction and formation of triplet chlorophyll (Allen, 2020; Alscher et
al., 1997).
While the specific ROS species produced were not identified in this work, addition
of thymoquinone (scavenger for superoxide) had greater cellular ROS and astaxanthin
effects than mannitol (scavenger for hydroxyl radical). This disparity is most likely
explained by differences in cell membrane permeability, due to thymoquinone having a
nonpolar structure and mannitol being highly polar (Goates & Knutson, 1994; Hadjzadeh
et al., 2008). However, theoretically thymoquinone may also have a stronger effect due to
greater concentrations of superoxide within the cell. Further research is needed to
determine if the greater scavenging and cell germinating effect is due to concentration of
superoxide or membrane permeability.
Induction of germination after application of ROS scavenger treatments indicates
the evolutionary basis behind encystment states and delayed reproduction. During nonmotile asexual reproduction, production of zoospores is delayed within the mother cell
until environmental conditions improve. During the transition from a stress condition to
a favorable environment cell proliferation begins, and cell division rates increase
significantly (C. Zhang et al., 2017). Vegetative reproduction, although possible, is rare.
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Daughter zoospores also frequently contain astaxanthin equivalent to that of an immature
or mature aplanospore. In this study, production of zoospores was induced after
significant decreases in cellular ROS occurred, indicating that ROS also partially controls
reproductive processes within the cell.
The formation of zoospores only after reduction of ROS is indicative of
evolutionary adaptations to improve the survival of daughter cells. Zoospores produced
under stress conditions are non-flagellated, smaller in size, and enter encystment after
release from the mother cell (C. Zhang et al., 2017). This is in direct contrast to the
flagellated, larger body mass, and increased enzymatic activity within zoospores produced
under favorable conditions. During the transition from zoospore to a motile, vegetative
cell astaxanthin may play a temporarily protective role from oxidative stress and therefore
increase survivability during a sensitive period of the life cycle.
Initial astaxanthin production rates were significantly higher in response to ROS
generating compounds in comparison to the environmental stress treatments. Faster
astaxanthin production rates over days 0 -5 were later contrasted by slower astaxanthin
production rates after reaching days 5-10 of treatment. This result suggests ROS greatly
affects induction of carotenogenesis though is less efficient in sustaining astaxanthin
synthesis rates over time. These findings are in agreement with previous work highlighting
the importance of ROS in early astaxanthin synthesis. Initial regulation of carotenogenic
genes has been described, with emphasis on superoxide, hydroxyl radical, and hydrogen
peroxide affecting regulation of astaxanthin biosynthesis genes (M Kobayashi et al., 1997;
Schroeder & Johnson, 1995). Additionally, several studies have postulated that ROS may
be involved in both the structural modification of several carotenogenic enzymes and
potentially directly acting as an oxidizer in enzymatic reactions (Aniya & Anders, 1992;
Britton, 1993).
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High cellular ROS concentrations over days 0 – 5 of treatment coincided with
similarly high astaxanthin production rates, supporting the regulation of carotenogenesisinducing genes by oxidative stress. As ROS concentrations declined over days 5 – 15 of
treatment, however, astaxanthin synthesis rates also similarly declined. This result
indicates that sustaining high synthesis rates requires a complex trigger involving several
cellular components, such as that produced by increased light intensity. While slower to
produce ROS and astaxanthin initially, high light treatment produced the largest overall
ROS and astaxanthin concentrations with a peak concentration over days 10-15. The
addition of both environmental stress and oxidative stress inducing compounds
concurrently may potentially increase or even maximize astaxanthin production. It is
hypothesized from modeled astaxanthin production rates that a combined treatment
composed of hydrogen peroxide addition for days 0-4 and high light from days 0 – 15
would result in improved astaxanthin accumulation. An estimated astaxanthin production
rate of 2.5 mg/L/day is expected over days 0-5 with later sustained rates of 1.5 mg/L/day
over days 5-15, resulting in a total astaxanthin concentration of over 25 mg/L on day 15.
Several enzymes within the astaxanthin biosynthesis pathway appear to be
sensitive to oxidative stress and oxygen-radicals. β-carotene ketolase and β-carotene
hydroxylase, enzymes that catalyze the formation of astaxanthin from β-carotene, are both
rate-limiting steps for astaxanthin synthesis (Fraser et al., 1997). Ferrous ion (Fe2+) acts
as both a redox-active metal and cofactor both β-carotene ketolase and β-carotene
hydroxylase, with multiple conserved histidine residues characteristic of ferrous ion
binding motifs (Fraser et al., 1997; Jomova et al., 2012). Results of ferrous sulfide
treatment support this data, as application of ferrous sulfide caused significant increases
of both astaxanthin and ROS concentrations comparable to xanthine oxidase or hydrogen
peroxide. The exact role of ferrous ion in astaxanthin synthesis is undefined at this time,
though supporting evidence has shown Fe2+ to potentially play a dual role as producer of
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hydroxyl radical via the Fenton reaction and as cofactor for carotenogenic enzymes (Makio
Kobayashi et al., 1993).
Applications of this study may be used to design a more cost-efficient method of
maximizing astaxanthin production rates in an industrial or research setting. A current
drawback to natural production of astaxanthin is the time length requirement to produce
3-4% astaxanthin concentrations by dry weight (Panis & Carreon, 2016). Maximization of
astaxanthin production rates may be achieved by a combination of environmental stress
conditions and increased oxidative stress, such as by application of ferrous sulfate or
hydrogen peroxide (Panis & Carreon, 2016). This maximized astaxanthin production rate
may allow for the reduction of up to 48 hours from industrial astaxanthin production
times, a 12% total decrease in time length, with a savings of up to 58 USD per kg of
astaxanthin produced and an average of 30,000 - 60,000 USD in savings per year (Panis
& Carreon, 2016). The actual cost saved is specific and proprietary to the methodologies
employed by an industrial group, however as labor and electrical factors dominate
production costs in large-scale operations reducing the time required to produce
equivalent volumes of astaxanthin could lead to significant cost savings (T. Stefánsson,
personal communication, April 19, 2021).
By increasing efficiency of astaxanthin production timelines and cost through
combined treatments of environmental stress factors with oxidative stress inducing
compounds, higher quantities of astaxanthin can be produced in industrial applications.
By producing equivalent amounts of astaxanthin in 48 hours less time, production
efficiency of natural astaxanthin is estimated to increase by up to 14%. By improving the
efficiency of production more astaxanthin can be produced in shorter timeframes,
allowing for more product to be sold to nutraceutical, medical, and aquacultural markets.
This would allow for greater profit margins, potentially lowered commercial price,
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increased volume of astaxanthin for sale, and increased access to natural astaxanthin by
consumers. Additionally, development of more oxidative stress-sensitive strains in
combination to application of ROS generators may produce greater initial astaxanthin
production rates. This increased production efficiency may decrease production cost,
increase yield, and produce a more cost-efficient model of natural astaxanthin production,
allowing for lower cost for both producer and consumers. In addition, astaxanthin
production maximization may allow for increased access to consumers due to higher
production capabilities, allowing for decreased use of potentially dangerous synthetic
alternatives.
In conclusion, induction of astaxanthin biosynthesis correlates with increased ROS
concentrations in Haematococcus pluvialis. Both environmental stressors and ROS
generating treatments induced carotenogenesis, with significantly greater initial
astaxanthin production rates after treatment by ROS generators and greater total
astaxanthin cellular concentration by environmental stressors. Application of ROS
scavengers resulted in significantly decreased cellular concentration of both ROS and
astaxanthin in addition to inducement of germination. These results support the role of
astaxanthin as both a photoprotective and antioxidant mechanism for the cell. Future
research is needed to further define the role of astaxanthin in H. pluvialis, in addition to
how ROS specifically affects enzymatic function in the carotenogenic pathway. Through
potential industrial applications, this work has the capability to further maximize
astaxanthin production efficiency and increase accessibility to consumers on a global
scale.
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Appendix A
Bold’s Basal Media
Stock Solutions:
Stock solutions A through F prepared in 500 mL glass media bottles, while solutions F
through J prepared in 100 mL bottles. All produced with distilled water, autoclaved at
120°C. for 15 minutes, and later stored at 4 °C.

A: NaNO3 (10 g/400 mL)
B: MgSO4 • 7 H2O (3 g/400 mL)
C: NaCl (1 g/400 mL)
D: K2HPO4 (3 g/400 mL)
E: KH2PO4 (7 g/400 mL)
F: CaCl2 (1 g/400 mL)
G: ZnSO4 • 7 H2O (0.8 g/100 mL)
MnCl2 • 4 H2O (0.14 g/100 mL)
MoO3 (0.07 g/100 mL)
CuSO4 • 5 H2O (0.15 g/100 mL)
Co(NO3)2 • 6 H2O (0.05 g/100 mL)
H: EDTANa2 (5 g/100 mL)
KOH (3 g/100 mL)
I: FeSO4 • 7 H2O (0.45 g/100 mL)
H2SO4 (0.1 mL/100 mL)
J: H3BO3 (1.14 g/100 mL)

To prepare 1 L of media, add 10 mL of stocks A-F and 1 mL of stocks G-J to 940 mL of
distilled water. Autoclave entire volume at 120°C. for 15 minutes, and store at room
temperature.
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